in this study, we aimed to disclose the association of pre-and post-stroke glycemic status with clinical outcome in patients with spontaneous intracerebral hemorrhage (sicH). it was a multicenter, prospective, observational cohort study, conducted in 13 hospitals in Beijing from January 2014 to September 2016. The association of admission random blood glucose (RBG), fasting blood glucose (FBG) and hemoglobin A1c (HbA1c) with clinical outcome at 90 days after sICH onset were analyzed comprehensively. Poor outcome was defined as death or modified Rankin Scale (mRS) score >2. The results showed that elevated RBG and FBG were associated with larger hematoma volume, lower GCS, higher NIHSS (P < 0.001), and poor outcome, but HbA1c was not (P > 0.05). In stratified analysis, the association of poor outcome with elevated FBG or RBG retained statistical significance just in patients without diabetes. Kaplan-Meier curve and Cox regression showed that patients with elevated FBG or RBG had significantly higher risk of death within 90 days (P < 0.05). So we conclude that poststroke hyperglycemia was associated with larger hematoma volume, severe neurological damage and poor clinical outcome, but HbA1c was not relevant to hematoma volume or clinical outcome in patients with sICH.
Laboratory examinations. Superficial venous blood was collected for measurement, and random blood glucose (RBG), fasting blood glucose (FBG) and HbA1c were selected for primary analysis. RBG was assessed immediately on admission. Fasting blood glucose was assessed the next morning after admission (at least 8 hours without any food or infusion of sugary liquid). HbA1c was assessed during acute hospitalization within seven days after admission. Since the blood glucose management for ICH was not clearly stated in current guidelines, it was based primarily on the patient's basic blood glucose levels and the experience of physicians in this study.
Patients were classified into three groups according to their HbA1c, RBG and FBG levels respectively: perfect (HbA1c <6.0%, RBG <7.0 mmol/L, FBG <6.0 mmol/L), fair (HbA1c 6.0-7.9%, RBG 7.0-9.9 mmol/L, FBG 6.0-7.9 mmol/L), and poor (HbA1c≥8.0%, RBG ≥10.0 mmol/L, FBG ≥8.0 mmol/L). The association of HbA1c, RBG and FBG with clinical outcome at 90 days after onset were analyzed comprehensively.
Other laboratory examinations, including white blood cell (WBC) count, platelet (PLT) count, INR, creatinine, total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), serum homocysteine (Hcy) and high-sensitivity C-reactive protein (HS-CRP) were also collected. patients follow-up and clinical outcome. At 90 days and 1 year after ICH onset, the functional outcomes of all patients were assessed through telephone follow-up interview to obtain information on death and modified Rankin Scale (mRS). We recorded at least two phone numbers of each recruited ICH patients. For patients who were lost to follow-up, we make telephone follow-up interview once a week for at least three times. Telephone follow-up was centralized for all included patients with a standardized interview protocol. The interviewers were trained on the interview protocol.
In this part, we analyzed the association of RBG, FBG and HbA1c levels with 90-day outcome in patients with sICH. The poor outcome was defined as death within 90 days (including death during the acute phase of ICH) or major disability (mRS >2) at 90 days after ICH onset. Of the 1805 patient with baseline data, there were 1515 patients with follow-up data, and other 290 patients were lost to follow up.
Statistical analysis. The statistical analysis was performed using a commercial statistical software package (SPSS for Windows, version 22.0, IBM-SPSS, Chicago, IL, US). Descriptive statistics include mean and standard deviation for continuous variables, median and interquartile range for ordinal variables, and number and percentage of total for categorical variables. T-test (normal distribution) or Mann-Whitney U test (skewed distribution), chi-square test (categorical variables), and logistic regression were used to analyze the differences of clinical and radiological characteristics between different blood glucose levels. Logistic regression, receiver operating characteristic (ROC) curve, Kaplan-Meier survival method and Cox regression were used to analyze the relationship between different blood glucose levels and clinical outcome. Differences of P < 0.05 were considered statistically significant for two-tailed tests.
Results
In this study, we consecutively enrolled 1805 sICH patients with ages ranging from 18 to 93 years (mean age was 58 ± 14 years), and 1218 (68%) were male. The frequent prestroke risk factors for cerebrovascular disease included hypertension (n = 1320, 73%), diabetes (n = 272, 15%), dyslipidemia (n = 178, 10%), smoking (n = 572, www.nature.com/scientificreports www.nature.com/scientificreports/ 36%) and drinking (n = 662, 37%). The median of HbA1c, RBG and FBG were 5.6 (IQR, 5.3-6.2) %, 7.4 (IQR, 6.1-9.3) mmol/L and 5.9 (IQR, 4.9-7.5) mmol/L respectively. The median of baseline GCS, NIHSS and hematoma volume were 14 (IQR, 8-15), 11 (IQR, 4-21) and 15(IQR, 6-32) ml respectively (Table 1 ). Since the missing values of HbA1c and FBG exceeded 10% of the total number, we compared the baseline characteristics between valid and missing groups of HbA1c and FBG. We found that there were significant differences in GCS, NIHSS, hematoma volume and proportion of IVH extension between the valid and missing groups of HbA1c and FBG. The GCS was relatively lower, while the NIHSS, hematoma volume and the proportion of IVH extension were relatively higher in the missing groups of HbA1c and FBG. In other words, patients in missing group had more severe neurological deficits and may have worse outcomes. Therefore, we cannot rule out the possibility that the association of elevated HbA1c or FBG with initial neurological injury severity and poor outcome may be underestimated. The baseline characteristics of the 1805 patients in different blood glucose levels were shown in Table 2 , and the sample size for each subset of analysis were shown in Supplementary material.
There were significant statistical differences in GCS, NIHSS and hematoma volume among different RBG or FBG levels in univariate or multivariate logistic regression analysis (P < 0.001). Elevated RBG or FBG were associated with larger hematoma volume, lower GCS and higher NIHSS score. However, there was no significant difference of baseline GCS, NIHSS and hematoma volume in different HbA1c levels (P ˃ 0.05) in multivariate logistic regression analysis (Table 3) .
Of the 1805 patient with baseline data, there were 1515 patients with follow-up data, and other 290 patients were lost to follow up. There was no significant difference in baseline characteristics between the patients with or without follow-up information, except for age, prior ischemic stroke, prior use of antiplatelet agent and anti-hyperglycemic therapy ( Table 1) . Of the 1515 patients with available follow-up data, poor outcome of neurological function (mRS > 2) occured in 858 patients (56.6%), and 318 patients (21.0%) had died at 90 days after sICH. Logistic regression showed that poor outcome was associated with both elevated RBG and FBG (P < 0.001), but not associated with HbA1c (P = 0.616) in univariate analysis. Furthermore, the association between elevated levels of RBG and poor outcome was weaker than that of FBG, and did not persist in multivariable analysis when adjusted for gender, age, history of hypertension, diabetes mellitus, history of dyslipidemia, anticoagulant or antiplatelet therapy, smoking, drinking, BMI, baseline systolic blood pressure, GCS score, NIHSS score, baseline hematoma location and volume, intraventricular extension, surgical treatment, pre-stroke and post-stroke anti-hyperglycemic therapy (Table 4 ). Also, we provided data analysis after excluding the patients who died during the acute phase of ICH (within 14 days after ICH onset) as reference in supplementary material according to the reviewer's request ( Supplementary Table S1 ). www.nature.com/scientificreports www.nature.com/scientificreports/ Stratified analysis in patients with or without DM (including those diagnosed after the onset of ICH) showed that there were significant statistical differences in 90-day poor outcome among different FBG (P < 0.001) or RBG (P < 0.001) levels in univariate analysis, and among different FBG (P < 0.001) levels in multivariate analysis in patients without DM. However, in patients with DM, there was no significant statistical difference in 90-day poor outcome among different HbA1c, RBG or FBG levels in multivariate analysis (P > 0.05) ( Table 5 ). In addition, compared with patients without DM, patients with DM had a higher proportion of poor outcome at 90 days after ICH onset, but the difference was not statistically significant (61.3% versus 55.6%, P = 0.077).
The ROC curve analysis of elevated FBG and RBG for predicting poor outcome showed that FBG was superior to RBG, and the area under the curve (AUC) was 0.702 (P < 0.001) and 0.615 (P < 0.001) respectively. Furthermore, the ROC curve analysis of elevated RBG and FBG, combined with gender, age, history of hypertension, diabetes mellitus, history of dyslipidemia, anticoagulant or antiplatelet therapy, smoking, drinking, BMI, baseline systolic blood pressure, GCS score, NIHSS score, baseline hematoma location and volume, intraventricular extension, surgical treatment, pre-stroke and post-stroke anti-hyperglycemic therapy, for predicting poor outcome showed that the AUC was 0.897 (P < 0.001) ( Fig. 1) .
Kaplan-Meier curve for survival (log-rank test) demonstrated that there were significant differences among three survival curves of FBG (P < 0.001, HR (fair/perfect) = 3.01, HR (poor/perfect) = 6.81) and RBG (P < 0.001, HR (fair/perfect) = 2.56, HR (poor/perfect) = 5.66), but no significant difference among three survival curves of HbA1c (P = 0.893). Compared with perfect FBG (<6.0 mmol/L), fair (6.0-7.9 mmol/L) or poor FBG (FBG ≥8.0 mmol/L) increased the risk of death within 90 days after sICH onset. In addition, compared with perfect RBG (<7.0 mmol/L), fair (7.0-9.9 mmol/L) or poor RBG (FBG ≥10.0 mmol/L) also increased the risk of death within 90 days (Fig. 2) .
Cox regression analysis demonstrated that there were still significant differences among three survival curves of FBG (P = 0.042) and RBG (P < 0.001) when adjusted for gender, age, history of hypertension, diabetes mellitus, history of dyslipidemia, anticoagulant or antiplatelet therapy, smoking, drinking, BMI, baseline systolic blood pressure, GCS score, NIHSS score, baseline hematoma location and volume, intraventricular extension, surgical treatment, pre-stroke and post-stroke anti-hyperglycemic therapy (Fig. 2 ).
Discussions
In this multicenter, prospective, observational cohort study, we disclosed the association of pre-and post-stroke glycemic status with clinical outcome in patients with acute sICH. We found that elevated FBG or admission RBG were associated with larger hematoma volume, more severe neurological damage at admission, and 90-day poor outcome. Furthermore, the association of 90-day poor outcome with elevated RBG or FBG retained statistical significance in the patients without DM, but not in the patients with DM. In contrast, elevated prestroke glycemic levels, represented by HbA1c, was associated with neither hematoma volume, neurological status at admission, nor 90-day poor outcome in patients with acute sICH.
Poststroke hyperglycemia has been thought to be related to hematoma expansion, presence and severity of intraventricular extension, perihematomal edema and poor clinical outcome in patients with acute sICH [3] [4] [5] 7, 16, 17 . However, some studies indicated that high admission glucose level signified the severity of stroke but it was not a predictive factor for prognosis of stroke 12, 18 , and early intensive insulin therapy had failed to improve functional outcome after stroke in previous studies 8, 9 . In this study, elevated RBG or FBG was associated with larger hematoma volume, higher GCS and NIHSS score. The 90-day poor outcome was associated with both elevated RBG or FBG (P < 0.001). In stratified analysis, the association of 90-day poor outcome with elevated RBG or FBG retained statistical significance in the patients without DM, but not in the patients with DM, which was similar with the results of previous studies 1, 19 . Results from the INTERACT2 study suggested that hyperglycemia and DM are independent predictors of poor outcome in patients with ICH 7 . However, our results showed that patients with DM had a higher proportion of poor outcome at 90 days after ICH onset, but the difference was not statistically significant (61.3% versus 55.6%, P = 0.077). ROC curve analysis demonstrated that RBG and FBG, combined with gender, age, history of hypertension, diabetes mellitus, history of dyslipidemia, anticoagulant or antiplatelet therapy, smoking, drinking, BMI, baseline systolic blood pressure, GCS score, NIHSS www.nature.com/scientificreports www.nature.com/scientificreports/ score, baseline hematoma location and volume, intraventricular extension, surgical treatment, pre-stroke and post-stroke hypoglycemic treatment, can better predict the risk of poor outcome in patients with acute sICH (P < 0.001, AUC = 0.897).
Furthermore, the association between high levels of RBG and poor outcome was weaker than that of FBG, and did not persist after multivariable assessment. The ROC curve analysis also showed that FBG was superior to RBG for predicting poor clinical outcome, and this phenomenon was also indicated in patients with aneurysmal subarachnoid hemorrhage 20, 21 . This may be explained that RBG might not accurately reflect an individual's long-term status, owing to its limitation of great intraindividual variation.
The exact pathophysiological mechanism underlying the relation between poststroke hyperglycemia and severe neurological deficit or poor outcome in patients with sICH is still unclear. It is really indeterminate whether higher glucose is just a consequence of severe neurologic damage, or actually independently contributes to it. Some studies suggested that the poststroke hyperglycemia may result from stress reaction, especially adrenergic stress and relative insulin deficiency, suggesting that poststroke hyperglycemia could only reflect severity of the ICH as a stress reaction to a serious brain injury, and may be just a surrogate marker for severe hemorrhagic stroke [22] [23] [24] . Some studies, including the present study revealed that the association of poor outcome with elevated RBG or FBG was significant in the patients without DM, but not in the patients with DM, which could support the explanation of stress reaction to some extent 1, 19 . In patients without DM, post-stroke hyperglycemia in the Table 5 . Stratified analysis of association between glycemic status and 90-day poor outcomes after acute sICH in patients with or without DM. HbA1c: hemoglobin A1c; RBG: random blood glucose; FBG: fasting blood glucose. Events: 90-day poor outcome. *Adjusted for gender, age, history of hypertension, history of dyslipidemia, anticoagulant or antiplatelet therapy, smoking, drinking, BMI, baseline systolic blood pressure, GCS score, NIHSS score, baseline hematoma location and volume, intraventricular extension, surgical treatment, pre-stroke and post-stroke hypoglycemic treatment.
acute phase of ICH may be more attributed to stress response, while in patients with DM, hyperglycemia may be related to diabetes itself. At the same time, some studies do suggest that poststroke hyperglycemia directly result in neurological injury 25, 26 . It is reported that acute hyperglycemia increases circulating cytokine concentrations by an oxidative mechanism 27 . Another study showed that in ICH patients after hematoma evacuation, intensive blood glucose control was associated with lower extracellular lactate glutamate and pyruvate levels, which may be related to early hematoma expansion and poor outcomes in patients with ICH 28, 29 . It is also reported that in experimental ICH animals, hyperglycemia itself could contribute to neurological damage, causing downregulated Aquaporin-4 (AQP-4) expression, abnormal calcium metabolism, more severe blood-brain barrier destruction, profound vasogenic brain edema and perihematomal cell death 25, 26, 30 .
Based on the results of this study, whether higher glucose is just a consequence of severe neurologic damage, or actually contributes to it, current guideline recommendations for good glycemic control in patients with intracerebral hemorrhage is still the good choice 10 . However, the optimal management of hyperglycemia in ICH and the target glucose level still remains to be clarified.
There is no denying the fact that many factors influence blood glucose levels, so the blood glucose levels fluctuate constantly over time. In addition, the interval from ICH onset to measurement of blood glucose value might vary from one patient to another. So it is difficult to standardize the blood glucose levels, and we can only compare it at a relatively specific period of time. In contrast, as a biomarker of prestroke long-term (about 3 months) glycemic status, HbA1c is relatively stable than acute blood glucose and widely used for monitoring diabetic vascular damage, including atherosclerosis and microangiopathic changes, and HbA1c was reported to be independently associated with poor outcome of ischemic stroke 31 . It was suggested that chronic exposure, rather than short-term exposure, to hyperglycemia could contribute to vascular damage and unfavorable effects on sICH 32 . Few studies conducted in small cohorts had suggested that HbA1c could serve as a better predictor of large hematoma volume and poor outcome in patients after sICH 5, 12, 13 , and may be a better predictor of symptomatic hemorrhagic transformation after thrombolysis for acute ischemic stroke 13 . A large community-based cohort study revealed that low (<4.0 mmol/L) and high (≥6.1 mmol/L) fasting blood glucose concentrations were associated with higher risk of incident ICH, which suggests to some extent that prestroke blood sugar levels may affect the ICH morbidity and prognosis 32 . In the present study, however, there was no significant difference of baseline GCS, NIHSS, hematoma volume, 90-day poor outcome or death in different HbA1c levels (P ˃ 0.05). But we noticed that there were significant differences in GCS, NIHSS, hematoma volume, proportion of IVH extension and mortality rate between the valid and missing groups of HbA1c. The patients in missing group had more severe neurological Figure 1 . The ROC curve analysis of different glycemic levels for predicting poor clinical outcome. (A) ROC curve analysis of elevated RBG for predicting poor outcome (P < 0.001, AUC = 0.615); (B) ROC curve analysis of elevated FBG for predicting poor outcome (P < 0.001, AUC = 0.702); (C) ROC curve analysis of gender, age, history of hypertension, diabetes mellitus, history of dyslipidemia, anticoagulant or antiplatelet therapy, smoking, drinking, BMI, baseline systolic blood pressure, GCS score, NIHSS score, baseline hematoma location and volume, intraventricular extension, surgical treatment, pre-stroke and post-stroke hypoglycemic treatment, for predicting poor outcome (P < 0.001, AUC = 0.884). (D) ROC curve analysis of RBG and FBG, combined with gender, age, history of hypertension, diabetes mellitus, history of dyslipidemia, anticoagulant or antiplatelet therapy, smoking, drinking, BMI, baseline systolic blood pressure, GCS score, NIHSS score, baseline hematoma location and volume, intraventricular extension, surgical treatment, pre-stroke and post-stroke antihyperglycemic therapy, for predicting poor outcome (P < 0.001, AUC = 0.897).
Figure 2. Kaplan-Meier curve and Cox regression analysis of different glycemic levels for survival. (A-C)
Kaplan-Meier curve (log-rank test) demonstrated that there were significant differences among three survival curves of FBG (P < 0.001, HR (fair/perfect) = 3.01, HR (poor/perfect) = 6.81) and RBG (P < 0.001, HR (fair/ perfect) = 2.56, HR (poor/perfect) = 5.66), but no significant difference among three survival curves of HbA1c (P = 0.893); (D-F). Cox regression analysis demonstrated that there were still significant differences among three survival curves of FBG (P = 0.042) and RBG (P < 0.001) when adjusted for gender, age, history of hypertension, diabetes mellitus, history of dyslipidemia, anticoagulant or antiplatelet therapy, smoking, drinking, BMI, baseline systolic blood pressure, GCS score, NIHSS score, baseline hematoma location and volume, intraventricular extension, surgical treatment, pre-stroke and post-stroke anti-hyperglycemic therapy.
